Trisomy 21 and the consequent extra copy of the amyloid precursor protein (APP) gene and increased beta-amyloid (Aβ) peptide production underlie the universal development of Alzheimer's disease (AD) pathology and high risk of AD dementia in people with Down syndrome (DS). Trisomy 21 and other forms of aneuploidy also arise among neurons and peripheral cells in both sporadic and familial AD and in mouse and cell models thereof, reinforcing the conclusion that AD and DS are two sides of the same coin. The demonstration that 90% of the neurodegeneration in AD can be attributed to the selective loss of aneuploid neurons generated over the course of the disease indicates that aneuploidy is an essential feature of the pathogenic pathway leading to the depletion of neuronal cell populations. Trisomy 21 mosaicism also occurs in neurons and other cells from patients with Niemann-Pick C1 disease and from patients with familial or sporadic frontotemporal lobar degeneration (FTLD), as well as in their corresponding mouse and cell models. Biochemical studies have shown that Aβ induces mitotic spindle defects, chromosome mis-segregation, and aneuploidy in cultured cells by inhibiting specific microtubule motors required for mitosis. These data indicate that neuronal trisomy 21 and other types of aneuploidy characterize and likely contribute to multiple neurodegenerative diseases and are a valid target for therapeutic intervention. For example, reducing extracellular calcium or treating cells with lithium chloride (LiCl) blocks the induction of trisomy 21 by Aβ. The latter finding is relevant in light of recent reports of a lowered risk of dementia in bipolar patients treated with LiCl and in the stabilization of cognition in AD patients treated with LiCl.
INTRODUCTION
that cannot be as easily cleared, particularly in the case of ApoE4, and likely underlies the apparent clearance differences associated with the ApoE isoforms [22, 23, 25] .
Although mouse models with familial AD-associated mutations in the APP, PS1, and/or PS2 genes accumulate amyloid deposits, exhibit cognitive impairment, and serve as the primary animal models of AD, they lack the tau pathology characteristic of AD. However, tau pathology can be induced in transgenic mice that express a mutant version of the human microtubule-associated protein tau (MAPT) that causes the pure tauopathy FTLD [26] . A transgenic rat model of AD, whose endogenous MAPT gene is more similar to the human gene, was recently developed that co-expresses the familial AD-associated "Swedish" allele of the APP gene (APPswe) and the exon 9-deleted variant of PS1 gene (PS1ΔE9). The APPswe/PS1ΔE9 rat first develops human amyloid deposits, then develops tangles composed of endogenous rat tau protein, and, ultimately, exhibits neurodegeneration, providing evidence that AD-associated tau pathology and neuronal loss in humans is a natural consequence of the amyloid cascade [27] . Key unanswered questions include how does amyloid formation arise in the majority of AD patients (> 95%) who do not inherit autosomal dominant mutations in AD-associated genes, and what initiates the neuronal cell death that accompanies AD?
ALZHEIMER'S DISEASE AND DOWN SYNDROME: TWO SIDES OF THE SAME COIN
Most people with DS harbor three complete copies of chromosome 21 in all of their cells starting at conception. Consequently, it has remained difficult to determine whether three copies of the chromosome 21-residing APP gene alone is sufficient to cause AD, or whether additional genes, either on chromosome 21 or whose expression is modified due to trisomy 21, are also required for AD development [2, 28] . This uncertainty was clarified recently by the identification of families with familial AD and only one observable genetic alteration in affected individuals: a duplication of the APP-encoding region of one of their copies of chromosome 21, resulting in a third copy of the APP gene [29, 30] . This finding provided the first direct evidence that three copies of the APP gene alone are sufficient to yield earlyonset, fully penetrant familial AD, although it is noteworthy that some people with trisomy 21 DS appear to be protected from developing AD dementia, despite having AD neuropathology [3] . Early on, Miriam Schweber [31] predicted that typical AD was due to the duplication of a "Down syndrome critical region" on chromosome 21. Although this was quickly proven not to be the case for all types of AD patients studied at the time, the finding decades later that a few families carry three copies of the APP gene and develop early-onset AD validates the original prediction that there might be a gene copy number-based mechanistic link between AD and DS. Furthermore, a few individuals with DS and trisomy 21 have been reported who only carry two copies of the APP gene due to a deletion of that region on one of their three copies of chromosome 21 [32] and I. Lott personal communication]. These individuals with DS but only two copies of the APP gene do not develop AD dementia, even by the age of 60 years, reinforcing the conclusion that an alteration in the APP gene alone, either via increased gene dosage or mutation, is sufficient to yield AD.
IS ALZHEIMER'S DISEASE A MOSAIC FORM OF DOWN SYNDROME?
Almost 25 years ago, we proposed that typical age-related AD, both familial and sporadic, might be caused, or at least promoted, not through the acquisition of a third copy of the APP gene, but through the development of a mosaic population of cells with complete trisomy 21 that arises by stochastic chromosome mis-segregation during the lifetime of an individual [33] . That is, if complete trisomy 21 could cause AD in individuals with DS, then mosaicism for trisomy 21 that arises over time due to chromosome segregation defects could cause agerelated AD.
Our trisomy 21 mosaicism model for AD explains many seemingly unrelated facts about AD and can be applied to both familial and sporadic forms of the disease, depending upon whether the chromosome segregation defect is due to a genetic mutation or an environmental insult [30] . The trisomy 21 mosaicism model for AD makes the following three testable predictions:
1.
AD patients should develop a small population of trisomy 21 cells in their somatic tissues produced over time by unequal chromosome segregation during mitosis. Ultimately, individuals with mosaic populations of trisomy 21 cells could acquire AD through the same mechanism by which DS patients acquire AD (i.e., the presence of three copies of the APP gene), but at a later age due to the modulating effect of the majority population of normal diploid cells.
2.
There should be an inherited risk of both DS and AD in certain families who carry mutations in genes associated with chromosome segregation.
3.
Mutations that cause AD should occur in genes encoding proteins directly or indirectly involved in mitosis and chromosome segregation.
Each of the three predictions for the trisomy 21 mosaicism model of AD has been tested and validated, either by re-examination of the literature or by new experimentation. That is, we and others have found that chromosome mis-segregation and mosaic aneuploidy are the result of a general cell cycle defect in AD that affects all chromosomes in all tissues, both peripheral and central, and may be responsible for neurodegeneration in the brain.
MOSAIC ANEUPLOIDY IN DOWN SYNDROME AND ALZHEIMER'S DISEASE
Although the vast majority of people with DS have complete trisomy 21, around 1% of people with DS are mosaic for trisomy 21. Individuals with trisomy 21 mosaicism exhibit varying levels of DS-associated phenotypes, but they are still at increased risk of developing early-onset AD [33, 34] . For example, trisomy 21 mosaicism was discovered in two women who were not characterized as having DS or as being mentally disabled, but developed ADlike dementia by age 40 [35, 36] . One of the two women with trisomy 21 mosaicism who developed early-onset AD also had a child with DS. These and other case studies of patients with trisomy 21 mosaicism who did not exhibit intellectual impairments associated with DS, but who developed AD at a young age, have demonstrated that a low level of chromosomal instability is sufficient to result in early-onset AD [37, 38] . The often late-onset dementia associated with classic AD-both sporadic and familial-could thus result from an even smaller population of trisomy 21 cells that may go undetected by standard karyotype analysis of peripheral blood lymphocytes.
It is clearly important to determine directly whether AD patients are mosaic for trisomy 21, as our model predicts. However, this apparently simple experiment is not straightforward because it requires the use of techniques capable of accurately detecting low levels of mosaicism. Cytogenetic analyses of lymphocytes from AD patients have been carried out in a number of laboratories, with mixed results. Some investigators reported small increases in aneuploidy or other chromosomal abnormalities, as measured by direct karyotyping of mitotically active cells, whereas other groups have failed to confirm this finding, especially if they analyzed a small number of families or analyzed families without many members [39] [40] [41] [42] [43] [44] [45] [46] .
In contrast to metaphase karyotyping, fluorescence in situ hybridization (FISH) allows the number of copies of a particular chromosome to be determined regardless of the stage of the cell cycle (mitotic or interphase). The ability to examine interphase nuclei also greatly increases the number of cells that can be analyzed and, in principle, should facilitate the detection of very low levels of aneuploidy, including in neuronal cells. Furthermore, lymphocytes are under great selective pressure, which may lead to the selective loss of (abnormal) aneuploid cells in the individual or in culture. Therefore, we used FISH to determine the extent of aneuploidy, particularly trisomy 21, in primary fibroblasts from AD patients and age-matched normal control individuals [47] [48] [49] . Our analysis of thousands of cells from 27 AD and 13 control individuals showed that fibroblasts from AD patients were more than twice as likely to exhibit trisomy 21 compared to fibroblasts from control individuals. The increased frequency of trisomy 21 cells in fibroblasts from AD patients was significant (p = 0.007) and independent of age. Furthermore, we found that chromosome mis-segregation was associated with all types of AD, including sporadic and familial AD (i.e., those carrying a mutation in either PS1 or PS2). Finally, we also detected chromosome 18 aneuploidy, indicating that the cell cycle defect leading to chromosome mis-segregation was not specific to chromosome 21, but seemed to be associated with chromosome 21 most often, possibly due to trisomy 21 cells being less prone to die in vivo than other types of aneuploid cells [49] . Chromosome mis-segregation in patients with sporadic AD, particularly involving, but not restricted to, chromosome 21, has been confirmed in blood lymphocytes [50, 51] , in buccal cells [52] , and in brain neurons [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] .
INCREASED GENETIC RISK OF BOTH ALZHEIMER'S DISEASE AND DOWN

SYNDROME
An early clue that DS may be genetically related to AD came from epidemiological studies showing that women from some families with a history of autosomal dominant AD give birth to a significantly higher than normal percentage of children with DS [58] [59] [60] . Other studies failed to confirm the increased incidence of DS in families with inherited autosomal dominant AD, but the authors acknowledged that the number of relatives analyzed was not sufficient to yield statistically significant results [61] [62] [63] . Although the data from the largest studies were strongly suggestive of a potential link between inherited AD and an increased frequency of DS in the same family, additional work will be required to confirm this connection. Also, since these early reports, the APP, PS1, and PS2 genes, which harbor mutations that cause almost all inherited forms of AD, have been identified, making it easier to carry out this type of analysis.
In a more rigorous retrospective study, Schupf et al. showed that younger mothers (age < 35 years) of a child with DS have a five-fold greater risk of developing AD later in life, when compared to older mothers of a child with DS, to all fathers of a child with DS, or to the general population, as though they suffer from a novel form of "accelerated aging" [64, 65] . We interpret this result, instead, as indicating that young mothers of a child with DS are most likely mosaic for trisomy 21, indicating that they may have a predisposition to chromosome mis-segregation, and that this mosaicism is reflected in their trisomy 21 offspring and in their own increased risk for developing AD [49] . Indeed, later work by Migliore et al. [66] [67] [68] confirmed the susceptibility to aneuploidy and trisomy 21 nondisjunction in young mothers of children with DS, providing support for our hypothesis that AD is associated with trisomy 21 mosaicism.
DEFECTS IN MITOSIS ASSOCIATED WITH ALZHEIMER'S DISEASE
Several independent lines of investigation have provided evidence that defects in mitosis and/or in mitosis-specific proteins occur in AD patients-supporting the third prediction of the trisomy 21 mosaicism model for AD. These defects could potentially lead to chromosome mis-segregation, which could in turn result in the trisomy 21 mosaicism and other types of aneuploidy observed in AD cells and individuals. Defects in mitosis may also lead to other features of AD, such as apoptosis and altered APP processing.
Studies showing abnormal mitotic spindles in dividing cells from AD patients have provided the most direct evidence for mitotic defects in AD. For example, we briefly treated lymphocyte cell lines from patients with familial AD who carried a PS1 mutation and from control individuals with the microtubule-disrupting agent colchicine, and analyzed their karyotypes 40 hours later. This treatment causes many of the cells to exhibit separated chromatids or premature centromere division (PCD) in metaphase spreads, which is a known risk factor for chromosome mis-segregation that increases with age [69] . Karyotype analyses of colchicine-treated cells showed that those from AD patients exhibited significantly more PCD than those from normal age-matched controls [47] . This type of AD-specific increase in PCD induced by microtubule-disrupting agents has been confirmed by other labs [50, 68, 70, 71] . Interestingly, a similar study of cultured lymphocytes and fibroblasts from a young mother who had three trisomy 21 conceptuses and one normal child showed that her cells exhibited trisomy 21, 18, and X, suggesting a predisposition to PCD and a susceptibility of these three chromosomes to mis-segregation [69] . A related defect in mitosis-an increased frequency of chromosomes displaced from the mitotic spindle after colchicine treatmentwas reported in cells derived from mothers of children with DS [72] . In addition, the rate of hyperdiploidy for every chromosome was found to be elevated in cells from mothers with a DS child [73] .
Together, these data indicate that young mothers of a child with DS may be generally prone to chromosome mis-segregation, which can lead to gonadal trisomy 21 mosaicism, meiotic non-disjunction, or both, resulting in their trisomy 21 children. Based on the work of Schupf and Migliore and their colleagues discussed above, young mothers of a child with DS have an increased risk of developing AD, which again implicates chromosome mis-segregation in this disease process.
MITOTIC FUNCTION OF THE PRESENILIN AND APP PROTEINS
Many of the AD patients whose fibroblasts were found to exhibit trisomy 21 mosaicism belonged to families that were subsequently shown to carry familial mutations in the genes encoding the presenilin proteins, PS1 and PS2. This finding provided the first indication that familial AD genes predispose to chromosome mis-segregation, and that their encoded proteins are likely involved in the process of mitosis-providing additional support for the third prediction of the trisomy 21 mosaicism model for AD.
The two familial AD genes encoding the presenilin proteins were identified on chromosome 14 (PS1) by St. George-Hyslop and colleagues based on previous genetic mapping [74] [75] [76] , and on chromosome 1 (PS2) by Schellenberg, Tanzi, and colleagues [76] [77] [78] , and independently by us [79] . Nearly 200 point mutations that cause early-onset AD have been identified throughout the PS1 gene, and, much more rarely, in the PS2 gene. The fact that the vast majority of familial AD mutations reside within the coding regions of the PS1 and PS2 genes suggests that a dominant gain-or loss-of-function mutation that results in altered presenilin function, localization, or structure, rather than in altered expression, is likely to underlie the involvement of these two genes in AD (see, for example, [80] ).
Because presenilin proteins are typically expressed at very low levels in the cell, and overexpressed proteins can easily become mislocalized, we generated highly sensitive, affinity-purified presenilin antibodies and used them to label the endogenous proteins in cultured cells by immunoelectron microscopy [81] . Both endogenous PS1 and PS2 localized to the nuclear membrane, kinetochores, and centrosomes, indicating that they are likely involved in mitosis. Several other laboratories have confirmed that presenilin and APP proteins localize to the nuclear envelope and/or centrosome and that APP exhibits cell cycledependent phosphorylation [82] [83] [84] [85] [86] [87] . Furthermore, the specific localization of presenilin proteins to centrosomes and kinetochore microtubules in early mouse embryos is induced by halting the cells in mitosis [88] . These results indicate that the presenilins and APP may be involved in mitosis and that familial AD mutations in these genes may alter the cell cycle as part of their causal effect on AD development.
FAMILIAL ALZHEIMER'S DISEASE MUTATIONS IN PS1 AND APP INDUCE CHROMOSOME MIS-SEGREGATION AND ANEUPLOIDY
To investigate the function of presenilins, APP, or their product, the Aβ peptide, in mitosis, we asked whether the chromosome mis-segregation and trisomy 21 mosaicism observed in human fibroblasts from AD patients with PS1 or APP mutations could be mimicked in peripheral and brain tissues of familial AD-transgenic mice. Whole brains from transgenic mice harboring familial AD-associated mutant PS1 (M146L or M146V) or APP (V717F) and their non-transgenic littermates were processed to yield primary cell cultures that were hybridized with a mouse chromosome 16 bacterial artificial chromosome (BAC) probe [89] , followed by Neu-N immunocytochemistry to identify neurons. The mouse chromosome 16 BAC was selected because mouse chromosome 16 has a large region that is syntenic with human chromosome 21. Most of the neurons from normal littermates were disomic, with two copies of chromosome 16, whereas up to 4% of neurons from the PS1 transgenic mice exhibited trisomy 16 [90] , and 6.5% of neurons from the APP transgenic mice exhibited trisomy 16 [91] .
To determine whether the aneuploidy observed in the familial AD mouse models was caused directly by the mutated genes and not by some other factors, parallel cultures of the hTERT-HME1 immortalized primary mammary epithelial cell line (Clontech), which has a stable karyotype, were transiently transfected with a vector for the expression of wild-type PS1, a single mutant PS1 (M146L), a single mutant APP (V717I), or a double mutant APP (K595N/M596L plus V642I), or with an control empty vector. FISH was used to assess aneuploidy levels for chromosomes 21 and 12. Overexpression of familial AD-associated genes induced between 2-3% of trisomy 21 and/or trisomy 12, and up to 30% of the cells either gained or lost chromosomes and were aneuploid within 48 hours [90, 91] . Furthermore, immunocytochemistry of PS1-transfected cells revealed several mitotic spindle abnormalities, including disarrayed microtubules, multiple centrosomes, and lagging chromosomes as the most prominent spindle malformations [90] . These robust results indicated that the aneugenic effect of expressing familial AD mutations likely affects all chromosomes, with random gains and losses, and that chromosome mis-segregation may not be restricted to the cells expressing mutated genes, but may also extended to nearby, nontransfected cells due to increased Aβ secretion. We hypothesized that Aβ peptide, which is elevated in both familial and sporadic AD, is the key effector molecule responsible for interfering with mitosis and chromosome segregation [90, 92] .
To more directly assess the role of Aβ peptide with regard to genetic instability, we treated hTERT-HME1 cells with either 1 μM Aβ40 or Aβ42 or with control peptides and found that the Aβ-treated cells develop more than 20% aneuploid metaphases with 2% of the cells trisomic for chromosome 21 or 12 within 48 hours of exposure, compared to 6% aneuploid metaphases with less than 1% of the cells trisomic for chromosome 21 or 12 in negative controls [91] . These results indicated that AD might be a self-propagating disorder in which the Aβ peptide-the product of both familial AD mutations and trisomy 21-induces further chromosome mis-segregation and the generation of trisomy 21 and other types of aneuploidy. That is, the trisomy 21 cells that accumulate will over-express APP and Aβ, and this imbalance would promote neurodegeneration as it does in people with DS, in people with mosaic trisomy 21, or in people carrying three copies of the APP gene who are born asymptomatic but later develop Aβ and tau pathology and dementia [29, 30, 33] .
To investigate the potential mechanisms by which Aβ exerts its aneugenic effect on dividing cells, we analyzed the peptide's other toxic activities with a focus on those related to microtubule function. Several lines of investigation have indicated that Aβ induces and requires downstream changes and/or defects in microtubules to exert its neurodegenerative activity. For example, in vitro and in vivo studies have shown that Aβ induces the phosphorylation of tau (e.g., [93] ), and that Aβ toxicity depends on the presence of tau [94] . Therefore, we investigated the role of tau in Aβ-induced aneuploidy. Splenocytes prepared from Tau+/+, Tau+/−, and Tau −/− mice were treated with Aβ peptide and analyzed for aneuploidy 48 hours later. Prior to Aβ treatment, Tau+/− and Tau −/− cells exhibited up to 5% trisomy 16. However, the aneugenic effect of Aβ was greatly attenuated in Tau −/− cells, but not in normal cells, indicating that Aβ-induced chromosome mis-segregation requires tau and is likely to disrupt the normal microtubule stabilizing function of tau. The mechanism by which Aβ induces chromosome mis-segregation and aneuploidy was revealed when Aβ42 peptide was added to Xenopus egg extracts and found to impair the structure and stability of mitotic spindles by inhibiting three motor kinesins, including Eg5, KIF4A, and MCAK, which are required for normal mitotic spindle function and proper chromosome segregation [95] .
CELL CYCLE DEFECTS IN OTHER NEURODE-GENERATIVE DISEASES
Because neurogenesis occurs throughout life, especially following neuronal loss, we and others investigated the possibility that aneuploidy might be associated with other neurodegenerative diseases, in addition to AD. For example, brains from patients with ataxia-telangiectasia (AT) exhibit mosaic aneuploidy in both neurons and glia, including trisomy 21, and hippocampi from patients with Lewy body diseases exhibit higher levels of mosaic aneuploidy in neurons than glia [55, 96, 97] . Furthermore, Rossi et al. discovered aneuploidy in peripheral tissues from patients with sporadic FTLD, and we found trisomy 21 and other aneuploidy in tau knockout and mutant MAPT transgenic mice [91, [98] [99] [100] . Recently, we have identified trisomy 21 and other aneuploidy in brain neurons and glia from patients with sporadic FTLD and with all forms of familial FTLD (MAPT, PRGN, and C9ORF72), in brain neurons and glia from mutant MAPT transgenic mice, and in cells transfected with a mutant form of MAPT (submitted). These trisomy 21 and other aneuploidy cells would not be fully functional and would also be particularly prone to apoptosis/degeneration, as has been shown in many experimental systems [56, [101] [102] [103] [104] [105] [106] . Taken together with the finding of Arendt et al. [56] that the specific loss of aneuploid cells in AD accounts for 90% of the neurodegeneration in AD, these findings support the view that aneuploidy is an essential component of the pathogenic pathway in both AD and FTLD.
ROLE OF CHOLESTEROL AND LIPOPROTEINS IN THE CELL CYCLE
High levels of dietary cholesterol and plasma LDL are common risk factors for atherosclerosis, cardiovascular disease, and AD, and intracellular cholesterol levels are increased in patients with the inherited disease Niemann-Pick C1 [107] [108] [109] [110] [111] [112] . In AD patients, the severity of atherosclerotic lesions in the brain correlates with the extent of AD pathology [113, 114] . Furthermore, a direct association between disrupted intracellular cholesterol trafficking and consequent neuronal loss, gliosis, and neurofibrillary tangle formation in people with Niemann-Pick C1 disease who carry a mutation in the NPC1 or NPC2 gene has been established. However, the mechanisms by which increased cholesterol causes disease are incompletely understood. We sought to determine whether there is a common pathogenic pathway by which cholesterol and LDL promote the development of AD, Niemann-Pick C1, and cardiovascular disease, and whether chromosome mis-segregation is involved. The latter hypothesis was reinforced by reports that each atherosclerotic plaque in a person with cardiovascular disease harbors a monoclonal population of aneuploid smooth muscle cells [115] [116] [117] [118] [119] [120] [121] .
To test these hypotheses, we examined tissues from Niemann-Pick C1 patients and from Niemann-Pick C1 mouse models and found that both brain and peripheral tissues exhibited trisomy 21 mosaicism and trisomy 16 mosaicism, respectively [122] . Furthermore both LDL (but not HDL) and cyclodextrin-solubilized cholesterol induce mitotic spindle abnormalities and aneuploidy in cultured cells. Cell cycle abnormalities are associated with AD, NiemannPick C1, and cardiovascular disease, and excess lipoproteins, particularly LDL, could potentially cause or contribute to the chromosome mis-segregation and aneuploidy observed in these diseases. Interestingly, although amyloidogenic fragments of APP, including Aβ42, have been found in neurons from Niemann-Pick C1 brains [123] , LDL induces chromosome mis-segregation even in the absence of APP [118] . Furthermore, ethanol treatment of cells blocks the aneugenic effect of cholesterol, just as it reduces atherosclerosis [118, 124] .
DOES NEURONAL ANEUPLOIDY ARISE VIA NEUROGENESIS AND/OR CELL CYCLE RE-ENTRY?
Abnormal mitotic spindle function is the clear underlying mechanism by which aneuploidy arises in neurodegenerative diseases, and this defect would be expected to affect all dividing cells. Indeed, glia and peripheral dividing cells, such as fibroblasts, buccal cells, and lymphocytes, from people with these disorders exhibit mosaic aneuploidy. However, it is less clear how large numbers of neurons (up to 30%) can become aneuploid in people with neurodegenerative diseases, as many investigators have found [56, 59, 90, 91, 122, [124] [125] [126] .
Two potential mechanisms could explain the formation of aneuploid neurons in the brains of individuals with AD or other neurodegenerative diseases: 1) cell cycle re-entry of mature neurons, and 2) neurogenesis. Data provide support for both mechanisms. For example, neurons in the AD brain express phosphoproteins that are usually only found during mitosis, such as cyclin B1, cyclin D1, cdc2, and Ki67 [53, [126] [127] [128] [129] [130] [131] [132] . Some of these changes can also be detected in peripheral cells, suggesting the presence of a systemic cell cycle alteration [133] . How these "post-mitotic" cells acquire the ability to express mitosis-specific proteins remains unknown, but it is interesting that low concentrations of Aβ can induce the expression of mitotic proteins and cell cycle reentry in mature neurons in culture, as can the MiR-26b micro-RNA that is upregulated during AD [134] [135] [136] . Similar findings have been reported in mouse models of AD, in which the loss of pre-existing neurons, rather than amyloid or tangle pathology, appears to induce neuronal re-entry into the cell cycle [135, 137] . Neurons re-entering an aberrant cell cycle in the AD brain could gain or lose chromosomes, exhibit changes in mitosis-specific gene expression, or undergo apoptosis in response to an untenable physiological state-any or all of which could stimulate the development of AD pathology [81, 126] .
Neurogenesis is increasingly recognized as occurring in the normal adult brain, not only in the olfactory epithelium and bulb, but also in the dentate gyrus and the striatum [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] . Indeed, the rate of new neuron formation in the dentate gyrus of the hippocampus is reported to be on the order of 1,000-2,000 cells per day-more than enough to cause significant numbers of trisomy 21 cells or other types of aneuploid cells to accumulate over the course of 50 years under the influence of, for instance, an APP or presenilin mutation. Although neurogenesis has not been measured directly during the human neurodegenerative disease process, neuronal cell loss has been shown to induce neurogenesis in mice (see, for example, [148] [149] [150] ). Thus, it would not be surprising if neuronal cell death during neurodegeneration induces neurogenesis and the production of aneuploid neurons in the presence of an aneugen, such as, for example, Aβ, mutant or abnormally phosphorylated Tau, or excess cholesterol. Furthermore, apoptotic neurons generate and release more Aβ than healthy neurons [151, 152] , potentially initiating a positive feedback loop. Finally, individual cells with increased copies of the APP gene have been found in the AD brain, which would essentially have the same effect [153] . It is also possible for aneuploidy in glia to contribute to the neurodegenerative process. For example, trisomy 21 microglia express excess IL-1β, which can initiate an inflammatory cascade that leads to increased production of the amyloid catalysts ApoE and ACT [16, 154, 155] .
CONCLUSION: ANEUPLOIDY UNDERLIES THE NEURODEGENERATIVE DISEASE PROCESS
Together, the findings reviewed herein support the conclusion that widespread aneuploidy occurs in patients with sporadic AD, familial AD, FTLD, and Niemann-Pick C1, as well as in mouse and cell models thereof. Thus, although the mosaic aneuploidy associated with each of these neurodegenerative diseases may arise through different mechanisms (for example, Aβ-mediated inhibition of microtubule motors in AD, MAPT-associated effects on a microtubule-binding protein in one form of FTLD, and cholesterol-induced changes in membrane fluidity in Niemann-Pick C1), the different pathogenic pathways all result in the production of aneuploid cells. Because the mosaic aneuploidy associated with these diseases affects both peripheral and brain cells, including neurons and glia, and the underlying mutations all cause chromosome mis-segregation and aneuploidy in mouse and cell models, it seems most likely that the mosaic brain aneuploidy shared by all of these diseases contributes to their associated neurodegeneration. Indeed, aneuploidy has been shown to underlie the neurodegeneration associated with AD.
IMPLICATIONS FOR TREATMENT
The mechanistic implication of the findings discussed above is that an early step in the pathogenic pathway to multiple neurodegenerative diseases involves a defect in chromosome segregation that leads to trisomy 21 and other types of mosaic aneuploidy and ultimately to apoptosis and neurodegeneration (Fig. 1 ). This conclusion can be exploited in the search for more effective diagnoses and treatments for AD and related disorders. For example, a very straightforward potential diagnostic test based on our finding of trisomy 21 cells among AD patient fibroblasts would be to use chromosome analysis to directly assess the level of trisomy 21 mosaicism in an individual. Although we have found that cell lines from AD patients as a group have increased trisomy 21 mosaicism, there is some overlap in the data between the AD patient group data and the control group data, possibly because the cell lines have undergone many mitoses in culture. Clearly, this type of test must be made more sensitive to be useful. Another approach would be to use buccal cells or fibroblasts directly from the patients [52] .
The implication from the data showing that trisomy 21 and other forms of mosaic aneuploidy may be one of the very first steps in the AD pathogenic pathway also suggests new approaches to prevention and therapy. For example, reducing exposure to molecules that induce chromosome mis-segregation, of which there are many, including cholesterol, may reduce the risk of developing AD [33, 156, 157] . Furthermore, molecules that reverse the inhibitory activity of Aβ on microtubule motors could be identified. Indeed, we have already found that reducing extracellular calcium levels with BAPTA or treating cells with LiCl blocks the aneugenic effect of Aβ [91] . Interestingly, LiCl treatment is becoming increasingly appreciated as a potentially effective AD therapy. For example, LiCl treatment reduces the incidence of dementia in people being treated for bipolar disorder [158] [159] [160] . Furthermore, LiCl stabilizes cognitive decline and reduces Aβ and amyloid production in cell and mouse models of AD [161, 162] . Finally, recent studies have indicated that, although short-term (10 week) LiCl treatment was ineffective, longer term (15 month, low dose) LiCl treatment prevented cognitive decline in AD patients [163, 164] . How LiCl reduces the aneugenic effect of Aβ or prevents the cognitive deficits associated with AD remains unclear, and these two effects may or may not be related. One possible mechanism is based on the finding that LiCl inhibits GSK-3β, a kinase known to regulate the phosphorylation of tau, which is also implicated in Aβ-induced chromosome mis-segregation [91, [165] [166] [167] . However, LiCl may not be as effective in vivo as it is in vitro with regard to GSK-3β inhibition [166] , suggesting that LiCl may impact Aβ toxicity and cognition in AD in more than one way.
Molecules that block the ability of Aβ to inhibit microtubule motors may have an additional benefit: they would also block the ability of Aβ to reduce microtubule motor-dependent cell surface presentation of receptors essential for neuronal function, including the LDL receptor, the p75 NGF receptor, and the NMDA receptor [168, 169] . The target of Aβ in these studies -the kinesin-like microtubule motor Eg5/kinesin-5-has been shown to control neurite outgrowth, growth cone turning, and process size [170] [171] [172] . Thus, the restoration of kinesin-5 activity and consequent improvements in neuronal growth cone function and receptor localization and function could benefit people with AD, DS, or both. Alternatively, if trisomy 21 cells themselves are a particular problem, then it may be possible to target them for removal from the body by exploiting distinctive features of their cell biology.
In summary, many, and possibly all, patients with AD and other neurodegenerative diseases are mosaic for trisomy 21 and other types of aneuploidy. The mechanism(s) by which these abnormal cells arise and whether or how they contribute to the pathogenesis of the disease are areas of active investigation. Further exploration of these novel findings has the potential to contribute to the development of diagnoses and therapies for AD and other neurodegenerative diseases and to increase our understanding of basic cellular processes.
Fig. 1. Generation of Aneuploidy and Neurodegeneration in Neurons from AD Patients
Both neurogenesis and abnormal cell cycle re-entry have been shown to occur in many regions of the brain, and both conditions lead to cell proliferation (possibly to compensate for cell loss). As cell proliferation progresses, gene duplications, mutations, and/or environmental cues (i.e., cholesterol) affect cell cycle molecules, thereby causing mitotic defects, such as multiple/defective centrosomes, disorganized mitotic spindles, disrupted microtubule motors, etc. These defects may, in turn, lead to chromosome non-disjunction, chromosome mis-segregation, and elevated levels of trisomy 21 and other forms of Potter et 
